b qnr genes were discovered on plasmids by their ability to reduce quinolone susceptibility, but homologs can be found in the genomes of at least 92 Gram-negative, Gram-positive, and strictly anaerobic bacterial species. The related pentapeptide repeat protein-encoding mfpA gene is present in the genome of at least 19 species of Mycobacterium and 10 other Actinobacteria species. The native function of these genes is not yet known.
T
he qnrA gene was discovered on a plasmid (1) , and in 2002, when its sequence was established and homologs were first searched for in GenBank, few related chromosomal genes were evident (2) . One was the mfp gene which had been found in the genome of mycobacteria and shown to influence fluoroquinolone susceptibility (3) . Soon, however, many more chromosomal homologs were discovered in a variety of organisms. Table 1 summarizes studies in which qnr and mfpA genes from different organisms were proven to affect quinolone susceptibility, usually by providing resistance when cloned on a plasmid in Escherichia coli, but also by demonstration of increased susceptibility after inactivating the gene in its host organism.
The discovery of the qnrA gene was soon followed by discovery of plasmid-mediated genes qnrS (26) , qnrB (27) , qnrC (28) , and qnrD (29) . The qnrVC gene from Vibrio cholerae can also be located in a plasmid (30) or in transmissible form as part of an integrating conjugative element (23) . These qnr genes generally differ in sequence by 30% or more from qnrA and each other.
Qnr and MfpA are pentapeptide repeat proteins composed of tandemly repeated units of five amino acids with a consensus se- (31) . They dimerize and form a rod-like right-handed quadrilateral ␤-helix with a size, shape, and negative charge that mimics the ␤ form of DNA (12) . The two Qnr proteins of known 3-dimensional structure from Gram-negative organisms (AhQnr from Aeromonas hydrophila and plasmid-mediated QnrB1) have two loops, a smaller loop of 8 and a larger of 12 amino acids, that are essential for protective activity (4, 32) . MtMfpA from Mycobacterium tuberculosis and EfsQnr from Enterococcus faecalis lack loops, but EfsQnr differs from MtMfpA at its N terminus, where it has an additional ␤-helical rung, a capping peptide, and a 25-amino-acid flexible extension (11, 12) . In a cell-free system, MtMfpA inhibits DNA gyrase whereas the other proteins protect gyrase from quinolone inhibition and inhibit only at high concentrations (12, 13, 27) . In 2008, Sánchez et al. (17) reported a search of GenBank for homologs to QnrA, QnrB, or QnrS using a cutoff of 45% identity and found qnr genes in 22 of 960 genomes examined. In the ensuing years, many more bacterial genomes have been sequenced. An important consideration in a search for qnr homologs is where to set the breakpoint for identity. MtMfpA and the three Qnr proteins of known structure share surprisingly little homology. AhQnr and QnrB1 have 41.7% identity, but the rest have 20.3% or less, with EfsQnr and QnrB1 having only 13.8%, testimony to their interaction with topoisomerases as proteins with shape and charge but limited localized amino acid specificity.
The aim of this study was to determine the distribution of Qnr-like proteins among sequenced bacterial genomes. We searched GenBank in August and December 2012 using the amino acid sequence of each of the proteins listed in Table 1 
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Vibrio sinaloensis chosen as a natural breakpoint in the distribution of organisms related to the 6 plasmid-mediated Qnrs, where few if any organisms have 30% to 40% homology and a miscellany of uncommonly encountered Gram-negative and Gram-positive organisms match at Յ30% identity. Where multiple related genes were present in organisms from a particular species, only the one with highest homology was retained. The designation "sp." was allowed once for each genus (e.g., one Vibrio sp.).
Searching with the Gram-negative organism in Table 1 generated a list of 58 organisms. All are gammaproteobacteria. In an alignment of their sequences, 28 of the ϳ218 amino acids were invariant, including 18 positioned in the repetitive pentapeptide structure to play a critical role in maintaining its integrity (see Table S1 in the supplemental material). There were no gaps in the alignment, implying that all the proteins had similar structures with two loops per monomer (34) . A phylogenetic tree representing the relationships among them is shown in Fig. 1 . Aquatic bacteria predominated, with 18 species of Vibrio, 9 of Shewanella, 5 of Photobacterium, 4 of Aeromonas, and 2 of Glaciecola. The only members of the Enterobacteriaceae family were 4 species of Citrobacter, 5 of Serratia, 2 of Rhanella, and single species of Dickeya, Enterobacter, and Providencia. Neisseria spp. and nonfermenters such as Acinetobacter, Bordetella, Burkholderia, Legionella, Moraxella, and Pseudomonas spp. were absent, but Stenotrophomonas maltophilia was included and has more than 45 distinct chromosomal Smqnr variants (21) with a unique system of regulation (38) .
Transmissible Qnrs are included in Fig. 1 for comparison. As reported previously, QnrA1 is 98% identical to the chromosomally determined Qnr protein from Shewanella algae (16), QnrB1 is 93% to 95% identical to Qnr proteins from species of Citrobacter (8), and QnrS1 is 83% identical to chromosomal Qnr from Vibrio splendidus (25) and 84% identical to Qnr from a marine Vibrionales sp. (GenBank accession no. ZP_01811734.1). Close matches for QnrC and QnrD have yet to be found, but QnrC is 72% identical to Qnr proteins from Vibrio orientalis (GenBank accession no. ZP_05945497.1) and Vibrio cholerae (28) , and QnrD is 64% to 66% identical to chromosomal Qnr proteins from Providencia alcalifaciens (GenBank accession no. ZP_03320716.1) and several species of Serratia (GenBank accession no. YP_004500429 and ZP_06189743).
A similar search of GenBank with Qnr proteins from Grampositive organisms from Table 1 has greater diversity than that of the gammaproteobacterial group, with several gaps and only 5 amino acid residues of ϳ215 shared in common (see Table S2 in the supplemental material). Some of the variability could represent variations in the length and composition of N-terminal extensions, which have been directly demonstrated only for EfsQnr (4) . Qnr proteins from an individual Gram-positive genus, however, showed more similarity, with the greatest being 80% sequence identity among Listeria spp. All were Firmicutes, with the largest class being the Bacillales, with 20 species of Bacillus, Lysinibacillus, Oceanobacillus, Ornithinibacillus, and Paenibacillus, as well as 6 species of Listeria and 2 of coagulase-negative staphylococci. Eight varieties of Clostridium species were included, as well as 5 species of Enterococcus. Staphylococcus aureus was conspicuously absent, as were Streptococcus pneumoniae, any groupable streptococci besides members of group D, and corynebacteria. The consensus tree of this group is shown in Fig. 2 .
A search of GenBank with MtMfpA from M. tuberculosis found 18 other species of Mycobacterium and 10 other members of the order Actinomycetales with 40% or greater homology. There were no gaps in their alignment, and 24 of 183 amino acids in MtMfpA were conserved within the group (see Table S3 in the supplemental material). A phylogenetic tree of their relationships is shown in Fig. 3 .
There is thus little doubt that qnr genes have been present in a variety of bacterial hosts far longer than the need to protect against the recent threat of exposure to quinolone antimicrobials would require. Quinolones do occur in nature (39) ; for example, a variety of alkyl quinolones are produced by Pseudomonas aeruginosa, but such naturally occurring compounds seem inadequate to explain the ubiquity of qnr genes. Expression of qnr genes is responsive to stress: cold shock in the case of qnrA in Shewanella algae (40) , activation of the SOS system for qnrB, qnrD, and the chromosomal qnr of Serratia marcescens (41) (42) (43) , and fluoroquinolone exposure independent of the SOS system for qnrS and the chromosomal qnr of V. splendidus (44) .
This listing of qnr genes is undoubtedly incomplete. More would be revealed with a lower cutoff for identity; for example, there are candidate Qnr proteins in many Bacteroides spp., with 30% to 35% homology to BcQnr from Bacillus cereus, and EfsQnr is 36% identical to a protein (YP_001812923) from an organism isolated from 3-million-year-old permafrost (45) . Metagenomic sequence collections have not been sampled, and there are more sophisticated ways than BLAST to conduct a database homology search (46) . Nonetheless, it is evident that qnr genes are widely distributed in the environment and in the bacterial world and have been recognized only recently in their role of protecting against quinolone antimicrobials. Future study of Qnr natural functions may be instructive in the modulation of topoisomerase activities and in the ways in which organisms, particularly those in aquatic environments, adapt to their surroundings.
